A s a result of extensive research efforts, fibrous composite materials are now being used in the construction of innovative civil engineering structures throughout the world. 1 These structures include bridge beams, girders, and slabs containing special reinforcing elements. [2] [3] One notable example of this emerging technology in North America is the Bridge Street Bridge Deployment Project in Southfield, Michigan. 4 This project includes the first prestressed concrete bridge in the United States to be almost entirely reinforced with carbon fiber reinforced polymer (CFRP). The findings of several research investigations conducted at Lawrence Technological University, Southfield, Michigan and funded by the National Science Foundation, formulated the technical basis for the implementation of this technology. [5] [6] [7] [8] [9] [10] The Bridge Street Bridge Deployment Project (see Figs. 1a and 1b, and Fig. 2 ) consists of two parallel, independent bridges (Structures A and B) over the Rouge River in the City of Southfield, Michigan. Both structures were designed to accommodate two traffic lanes and incorporated three 68.9 ft (21 m) long, 27.9 ft (8.5 m) wide spans skewed at an angle of 15 degrees relative to the substructure. Structure A incorporates five equally spaced conventional prestressed AASHTO Ibeams in each of the three spans.
Structure B consists of twelve double-tee beams (four beams per span), each incorporating internal pretensioned Leadline TM tendons and external post-tensioned carbon fiber composite Fig. 3 shows a section through the superstructure. Specific construction details related to the project can be found elsewhere. 4 This paper presents the major findings and details related to a field load test conducted on Structure B after completion of construction.
BRIDGE DESIGN DETAILS
Hubbell, Roth & Clark, Inc. (HRC), Bloomfield Hills, Michigan, was responsible for the design of the Bridge Street Bridge Deployment Project. Bridge Structures A and B were designed for two traffic lanes using provisions of both the AASHTO Standard Specifications for Highway Bridges 11 and LRFD Bridge Design Specifications. 12 As shown in Fig. 3 , the superstructure dead loads for Structure B included the double-tee beams, composite CFRP-reinforced concrete topping, surfacing mixture, pedestrian sidewalk, barrier wall, and the bridge parapet and railing. Live load design was based on Michigan MS-23 (AASHTO HS25) truck loading.
During the design phase, values for the live load distribution factor were investigated using provisions of both sets of AASHTO bridge specifications. The typical derivation of the LRFD live load distribution factor is based on the longitudinal stiffness parameter, K g , calculated using the moment of inertia of the full composite section of each double-tee beam, resulting here in a value of approximately 0.63 lanes per beam. Likewise, distribution factor calculations performed using the provisions of Section 3.23.4 of the AASHTO Standard Specifications resulted in a similar value of approximately 0.65 lanes per beam.
Within the provisions of Section 4.6.2.2 of the AASHTO LRFD Specifications, HRC considered the moment of inertia of the beam webs alone to cal- 
Each instrumented DT beam incorporated the following :
-10 internal gages for measuring concrete strains and temperatures @ mid-and quarter-span sections.
-3 external displacement transducers for measuring deflections at mid-and quarter-span locations.
-4 load cells for measuring force levels in each of the external post-tensioned tendons.
culate an alternate value of the longitudinal stiffness parameter, K g , resulting in a distribution factor of 0.81 lanes per beam. The nominal ratio of this alternative distribution factor was noted to be about 1. tee beam had five intermediate transverse diaphragms (D2 through D6) and two end transverse diaphragms (D1 and D7). Additional CFCC tendons were installed in the transverse diaphragms and were used to post-tension the four beams in each span together.
After erection, a 3 in. (76 mm) minimum thick concrete topping reinforced with NEFMAC TM grids was placed over each span. The concrete topping was discontinuous over the supports and anchored to the double-tee beams by the hooked stirrup ends that protruded from the top flange. A 1.5 in. (38 mm) thick latex-modified surfacing mixture was added over the concrete topping within the 20 ft (6.1 m) wide clear roadway bounded by the pedestrian sidewalk along the west side of the bridge and barrier wall on the east side.
INSTRUMENTATION
During fabrication, six of the 12 double-tee beams for Structure B were instrumented with various sensors to measure concrete strains, beam deflections, and force levels in the external CFCC post-tensioned tendons. The six double-tee beams selected for instrumentation are shown in Fig. 2 (Beams C, G, J, K, L, and M).
Once the double-tee beams were erected at the bridge site, additional sensors were installed throughout Structure B during the various stages of construction. All sensors were connected to a dedicated on-site data acquisition system used to monitor the long-term behavior of the bridge. Instrumentation of the bridge beams and installation of the data acquisition system was performed by Construction Technology Laboratories, Inc. (CTL), of Skokie, Illinois.
INSPECTION AND LOAD TESTING
After construction was complete, CTL conducted a visual inspection and static load test. Visual inspection was done to document the size and location of any concrete cracks visible to the unaided eye both before and after the load test. The objective of the static load test was to evaluate structural performance under live load conditions approximating design service load levels.
Visual Inspection
Before conducting the static load test, an initial visual inspection of Structure B was conducted to document the asbuilt condition. The visual inspection included the top and underside of the superstructure. With the exception of the beam diaphragms that provided anchorage for the external longitudinal post-tensioning tendons (D2 and D6), there were no structural cracks found during the inspection. After the static load test was completed, there were no apparent new cracks and no discernable difference observed in the existing diaphragm cracks.
Static Load Test Details
After the initial visual inspection was completed, a static load test was conducted on November 28, 2001. Static loads were applied to each span (individually) using two identical tandem rear-axle dump trucks provided by the City of Southfield. The specified empty gross weight of each dump truck was 26,700 lb (119 kN). Prior to the test, each dump truck was filled with granular material to achieve a total target vehicle weight of 58,000 lb (258 kN). After filling, the actual weight of each truck was measured by the chief weigh master for the Road Commission for Oakland County. During this exercise, portable scales, accurate to within ±1 percent of reading, were used to measure the load distributed to each of the three axles. Details and measured axle loads for both dump trucks (Truck Nos. 649 and 650) are shown in Fig. 5 . The filled weights of both trucks were within 450 lb (2.0 kN) of the 58,000 lb (258 kN) target weight.
The load test consisted of four different stages of loading. Each loading stage consisted of positioning the two dump trucks back to back in one lane near midspan, as shown in Fig. 6 . The first two load stages consisted of positioning During During the load test, the existing bridge instrumentation and data acquisition system were used to measure the response to the applied loads. For each stage of loading, instrument readings were taken before moving the trucks onto the span (initial reading). Immediately after the trucks were moved into the required positions, a second set of instrument readings was taken.
The
Static Load Test Results
The response of Structure B to the applied static loads was evaluated based primarily on measured concrete strains and deflection data at the midspan of each instrumented beam. Therefore, although the instrumentation array included more than 450 individual sensors, the discussion of measured data from the load test presented in this paper is limited to concrete strains and deflections measured at midspan. Deflection measurements, taken manually at midspan during the load test using precision surveying equipment, corroborated the measured strain data.
As noted in Fig. 2 , every beam in the north span (J, K, L, and M) and the third beam from the west in each of the south and middle spans (C and G), was fabricated to include a full compliment of instrumentation. During each load stage, measured data were collected for the instrumented beams in the span being loaded. Measured strain data from each of the four load stages are presented in Figs. 11 and 12 . The reported data from the four load stages represent the measured response due to the application of the truck loads, and do not include the effects of the preexisting dead loads.
Measured midspan strain profiles presented in Fig. 11 indicate that the applied load was effectively distributed to all four beams in the north span. Average measured strains near the web bottom at midspan of the four beams ranged from 23 to 45 microstrain, and decreased from west to east. In addition, the measured midspan strain profile for Beam C is nearly identical to the strain profile for the corresponding north span beam (Beam L). This observation indicates that the north and south spans exhibited similar load distribution behavior.
Measured midspan strain profiles presented in Fig. 12 indicate that the applied load was effectively distributed to all four beams in the north span. Average measured strains near the web bottom at midspan of the four beams Average Measured Concrete Strains, Microstrain in the north span ranged from 15 to 51 microstrain, decreased from east to west, and were consistent with the corresponding measured deflections. Measured strain data from this load stage were similar to the data from Load Stage 1. The additional stiffness contributed by the sidewalk installed over Beam J most likely accounted for the slight variation occuring between the peak strains measured during Load Stages 1 and 3. It is also observed that the measured midspan strain profile for Beam G (Fig. 12) is almost identical to the strain profile for the corresponding north span beam (Beam L). This observation indicates that the north and middle spans also exhibited similar load distribution behavior.
LOAD DISTRIBUTION BEHAVIOR
The load distribution behavior of Structure B was evaluated by comparing the measured strain response during the truck load test to the load distribution factors derived from the AASHTO design provisions. In addition, data from a structural load test performed on a single prototype double-tee beam incorporating details identical to those of the bridge beams was used for making further comparisons with the truck load test data from Structure B.
Measured Strain Response During Truck Load Test
The measured data from Load Stages 1 to 4 indicate that all three spans exhibit very similar load distribution behavior. As shown in Fig. 13 , the maximum measured strain response during the load test was obtained when the trucks were positioned in the east lane of Structure B (Load Stage 3). It is very likely that the east lane loading condition represented the worst-case scenario for bending stresses to occur due to the greater eccentricity of the load from the center of the bridge and the absence of the sidewalk along this side of the bridge.
A comparison of the average measured concrete strains in the web bottom of Beams J to M during Load Stages 1 and 3 can be used to provide an indication of the load distribution in the north bridge span. Such a comparison is shown in Fig. 14 for the combined effects of Load Stages 1 and 3. Based on the magnitude of the average measured bottom web strains, the cumulative percentages of the applied lane loads distributed to each of the four beams in the north span (Beams J, K, L, and M) would be 46.3, 43.7, 51.2, and 58.9 percent, respectively.
Using this rationale, it can be theorized that no more than 60 percent of the total lane live load would be distributed to any individual beam. This percentage is in good agreement with the AASHTO distribution factor of 0.60 lanes per beam resulting from the condition where the full composite section is used in the calculation of longitudinal stiffness.
Comparison of Measured Strains in Structure B and Prototype Beam
The truck configuration used during the load test of Structure B produced a lane bending moment at midspan equal to approximately 90 percent of the design service moment (LL+I). This percentage corresponds to an applied lane bending moment of approximately 1346 kip-ft (1825 kN-m) . Prior to fabrication of the bridge beams for Structure B, a single prototype double-tee beam was fabricated by the precaster and shipped to CTL for testing. 13, 14 During fabrication, strain gauge instrumentation was installed by CTL at three different sections along the length of the prototype double-tee beam, at the locations shown in Fig. 15 . The configuration of the strain gauge instrumentation installed in the prototype beam was identical to that used in the instrumented double tee beams incorporated in Structure B.
The prototype beam was tested with the concrete topping applied, but without any transverse post-tensioning applied through diaphragms. The measured response from the prototype double-tee beam at a load corresponding to the moment applied per lane during the load test of Structure B is shown in Fig. 15 .
The data presented in Fig. 15 represent the measured single-beam response to the lane bending moment applied during the load test of Structure B. The single-beam response reflects the condition where there is no distribution of the lane load to adjacent beams. Under this condition, the average measured bottom web strain is equal to 251 microstrain.
As shown in Fig. 14 , the maximum combined strain response due to the loading of both lanes of the north span of Structure B (Load Stages 1 plus 3) was 74 microstrain. Therefore, the combined strain response measured in Beam M of the north span during Load Stages 1 and 3 was equal to approximately 30 percent of the response measured in the prototype double-tee beam.
Based on this result, it is apparent that the longitudinal stiffness of the completed bridge structure is considerably greater than the sum of the stiffness contribution from the four beams in each span. The overall effectiveness of the structural system used in Structure B has resulted in live load distribution capabilities that are consistent with the distribution factors derived from the provisions of the AASHTO Standard and LRFD Specifications.
CONCLUSIONS
Based on the results from the load test of Structure B, it is concluded that:
1. The applied loads per lane were effectively distributed to all four beams of each bridge span.
2. The three spans of Structure B exhibit similar load distribution behavior.
3. The actual load distribution behavior is consistent with the distribution factors derived from the provisions of the AASHTO Specifications.
4. Based on the measured data from the truck load test of Structure B, it is concluded that the provisions of the AASHTO Standard or LRFD Specifications can be used to predict the load distribution behavior of bridge superstructure configurations similar to that of Structure B.
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DT test beam
where
in which S = spacing between beams (ft) N L = number of lanes W = overall width of bridge I = moment of inertia of cross section J = Saint-Venant torsion constant ν = Poisson's ratio Evaluation of the various parameters to calculate the load fraction is presented in Table A1 . It should be noted that Eq. A1.1 would provide a distribution factor per wheel load, per double-tee beam.
ASD distribution factors: ASD distribution factors (S/D) per truck load, per double-tee beam for interior and fascia beam can be expressed in terms of AASHTO distribution factors (per wheel load, per double-tee beam). The values of the distribution factor parameters considering (1) the center-to-center spacing of the composite beam as a whole and considering (2) the spacing between the webs of the double-tee beam are presented in Table A2 . 
APPENDIX A -LOAD DISTRIBUTION FACTORS

